Huangbai River, including four enchained reservoirs, is located in a phosphate-rock watershed in Yichang City, Central China. Previous studies showed that pollution levels due to activities of phosphate mining (PM) were extremely high and the water quality of reservoirs was severely affected by sedimentation. Yet, detailed knowledge of the sediment is lacking at that high phosphorus (P) concentration basin. Therefore, the different P fractions and its diffusion fluxes at the watersediment interface of four deep reservoirs have been investigated for the first time to understand the internal P loading. The results indicated that the concentrations of total P , ranging from 9,631.5 to 581.6 mg kg
INTRODUCTION
Eutrophication, defined as the enrichment of nutrients in water body, is one of the main problems in water management (Elser & Bennett ) . Among these nutrients, phosphorus (P) is a key controlling factor for primary productivity in aquatic ecosystems because P is one of the natural growth-limiting factors in most reservoirs or lakes (Kaiserli et al. ; Bertrand et al. ) . According to the research of the Organization for Economic Co-operation and Development (OECD), about 80% of the problems of lake eutrophication were limited by P, while another 10% were related to both P and nitrogen (N) and the remaining 10% were controlled by N and other factors (Wang ) . Accordingly, the most common strategy for restoration of eutrophic lakes focused on reducing external P loading.
This method, however, achieved limited effects because bottom sediments could also release it to the overlying water, especially when P input was reduced (Młynarczyk et al. ; Qin et al. ) . Therefore, systematic studies of internal P loading are indispensable to understand the process of P circulation and support the effective policies to manage eutrophication (Elser & Bennett ; Zhang et al. a Confronted with these challenges, Wang et al. () investigated the influence of large-scale PM on water quality in Huangbai River basin, and found that P concentrations of the water body and TP in the sediment greatly increased during the period of PM. However, Wang et al. () had no detailed data on different P forms from which the potential P release capacity of sediment could be estimated.
A further limitation is that the simple measurement of TP in sediment contributes little to illuminate internal P cycling (Ramanathan ) . Nowadays, many studies assessed internal P loading in shallow water bodies such as Taihu Lake, Hongze Lake, Yangzi River and Bützow Lake (Dai & Pan ; Yao et al. ; Zhang et al. a) and concluded that the internal loadings of P were the main factor initiating algal blooms. However, deep reservoirs or lakes (mean depth >5 m) with PM activities around have received less attention (Qin et al. ) . Furthermore, in deep reservoirs, stratification is a basic and vital phenomenon. It is probable that the potential for internal P loading will increase as stratification patterns strengthen (North et al. ) . Therefore, it is necessary and important to study internal P loading in deep reservoirs.
Consequently, in this study, the P fractions, the P diffusion fluxes and the relationships with environmental factors of four deep reservoirs in Huangbai River have been investigated for the first time to enhance the knowledge of P cycling in this high P concentration basin, so that algal growth and PM operations can be controlled better in the future.
MATERIALS AND METHODS

Study areas and sediment sampling
Huangbai River includes four enchained reservoirs: Xuan- All samples were collected in triplicates, taken in air-sealed plastic bags and kept at 4 W C until analyses (within 24 h).
Water chemistry
The parameters of water such as the temperature (T), dis- 
Flux estimation and data analysis
For deep reservoirs, wind is not the primary driving factor for the interchange of water-sediment interface. Instead, P concentration gradient may dominate the exchange process. Therefore, Fick's first law, based on the principle holding that concentration gradient initiates the exchange, was used to estimate the theoretical release flux of PO 3À 4 -P at the interface of water and sediment (Berner ). ) is the theoretical diffusion coefficient of infinite dilution solution and it is calculated according to Krom & Berner () . The T in Equation (4) is the temperature of the overlying water ( W C).
The mean values and standard deviations were calcu- 
RESULTS AND DISCUSSION
Physicochemical properties of overlying water and interstitial water
The physicochemical properties of overlying water and PO 3À 4 -P concentrations of interstitial water are listed in Table 2 . The parameters gave pH values that ranged from 7.79 to 8.64, owing to the alkaline geochemical environment of the soil (Wang et al. ) . EC, a measure of the ionic strength, ranged from 385.4 to 496.5 μS cm À1 . The ORP values were found to be 124.7 ± 20.9 mv and the DO con-
) of the overlying water and the interstitial water ranged from 0.14 ± 0.04 to 2.85 ± 0.09 and from 0.03 ± 0.01 to 4.58 ± 0.24, respectively. It was much higher in the first two reservoirs than the last two ones.
Characteristics of the surface sediment
The physical and chemical properties of sediments are shown in Table 3 . Water content of sediment reflects its resuspension ability: the higher the value is, the easier it is to suspend. According to Table 3 , the surface sediment contained a large percentage of water (56.4 ± 7.0%) which would facilitate the diffusion of P through its suspension under external disturbance. The average value of the porosity of surface sediment was 77.1 ± 5.1%. Particle size analysis indicated that most surface sediments were high in proportion to the clay and silt fractions, on average of 96.1%. Higher porosity and smaller sediment particle are more reactive due to increased surface area (CadeMenun ).
As presented in , and finally from 581.6 to 860.9 mg kg À1 in SJH, respectively.
It was obvious that TP decreased dramatically among the reservoirs, and one-factor ANOVA showed that there were significant differences (p<0.05) of TP among the reservoirs. Almost all C/N ratios in the sampling sediments of Huangbai River were lower than 10, suggesting a much higher contribution of endogenetic source for sedimentary Po.
Phosphorus fraction composition
As presented in Figure 2 , the fractions of different P varied greatly. For ten sampling sites (n ¼ 30), the rank order of P fractions concentrations was HCl-Pi > Po > Fe/Al-Pi while the rank order was Po > HCl-Pi > Fe/Al-Pi at the two left sites (SJH-1 and SJH-2). The former distribution pattern However, the ratios of Fe to TP of the sediment in XMG and TFM (2.4-12.7) were below that threshold, which indicated that the sediments could not adsorb more PO Compared with the other studies, the TP concentration in the sediments of XMG is much higher than that of almost all typical eutrophic lakes or reservoirs. However, the P diffusion fluxes are lower than that in Dianchi and Taihu Lakes (Table 5) . We think, for one thing, compared to Dianchi and Taihu, a greater proportion (more than 90%, Figure 3 
Statistical analysis
Relationship of sediment characteristics and P fractions
The correlations of characteristics and different P forms of the surface sediments are listed in Table 6 . A non-parametric test is performed since environment data do not usually follow a good normal distribution. The pairs of Ca-Pi with TP, with Fe/Al-Pi, and with Po clearly showed a strong association or conversion among them and implied an external Ca-Pi input to reservoirs (Table 6) (Sudha & Ambujam ) . The coefficients of variation (mean value/standard deviation) of Ca-Pi and TP were 1.15 and 1.07, respectively, also indicating that the variance of TP concentrations was mainly related to the Ca-Pi contents. In addition, there was a positive correlation among C/N, Ca-Pi and TP, which reflected the sediments probability mainly came from the same origin (Zhang et al. b) .
PCA of data
PCA is a powerful pattern recognition technique that intends to explain the variance of a large number of intercorrelated variables with a smaller set of independent variables (Kaiserli et al. ) . The factors rotated iteratively by varimax method and the eigenvalues greater than 1.0 were selected. The degree of association between each variable and each factor is given by its loading on that factor.
In total, three factors were identified, accounting for 83.39% of the variance of the data from Hungbai River.
The first factor, accounting for 42.02% of the total variance, was correlated with P diffusion flux, Po, Fe/Al-Pi, Ca-Pi and TP ( Figure 6 ). These factors represented the 
CONCLUSIONS
This study showed that different P-forms and PO 
